In this work we present experimental results of electron plasma waves excited in a beam plasma system. Based on our experimental results we determine the transition from the quasi-linear to non-linear regime. We present the space evolution of the electron beam distribution function for both regimes. The spectrum of the electron plasma wave in the non-linear regime shows a component with frequency larger than the plasma frequency besides the plasma frequency itself. We show that the higher frequency component is strongly affected by Landau damping, indicating a dissipation region. The measured experimental power spectrum of this wave shows a dependence on wave number k given by W k ∝ k −7/2 as theoretically predicted.
Introduction
A system formed by a weak non-relativistic electron beam with a unmagnetized collisionless plasma constitutes one of the most interesting configurations for studying plasma wave-particle interactions. The relaxation of the beam provides the free energy source for a rich variety of nonlinear processes. According to quasi-linear (QL) theory the beam relaxation occurs through "plateau" formation by flattening the beam velocity distribution, f b (v), when the beam flows across the plasma [1] . The most unstable electrostatic wave has frequency near the plasma frequency, ω L ω pe = (n 0 e 2 /( 0 m e )) 1/2 , and wave number given by k 0 ω pe /v b ,where v b is the beam velocity. Depending on the beam energy, the amplitude of excited waves can be high enough to become a pump wave for wave-wave interactions such as modulational instability (MI) [2] . The main nonlinear effect related to MI is the trapping of waves by density cavities that occurs spontaneously in the plasma as the instability develops. In turn, the trapped waves steep the density even more and the process continues as the waves collapse to smaller and smaller spatial lengths while their amplitude increases. At the collapse burn out stage, when the cavity is small enough for the absorption of Langmuir wave to start, the high-frequency pressure drops quickly and the excess density variations are released as ion-sound waves emitted from the cavity. The evolution of the MI leads the system to the strong Langmuir turbulence (SLT) regime [3] [4] [5] .
More than twenty years ago a detailed experimental test of quasi-linear theory was performed by Roberson and collaborators [6] . They measured the final state of the beamplasma instability, and found good agreement with QL theory for the final spectrum and velocity distribution. A few years later, the nonlinear evolution of the electron beamplasma instability started to be investigated [7] [8] [9] [10] . The most recent experimental results on strong Langmuir turbulence in the beam plasma interaction have been presented by Wong and collaborators [11] [12] [13] . They explore the time evolution of the electrostatic wave spectra, during several ion plasma periods.
In this paper we determine experimental conditions for observing strong Langmuir turbulence in our device. We establish the threshold for the transition between quasi-linear and nonlinear regime as a function of beam to plasma density ratio (n b /n 0 ) and beam energy normalized to thermal energy (W b /n 0 T e ). We measure the beam relaxation length and amplitude waves as a function of W b /n 0 T e , for different values of n b /n 0 . We obtain the time growth rates for the excited waves and compare them with existing theory. We show that the excitation of MI leads the system to SLT regime. In this regime, we detect the presence of electron wave with frequency larger than the beam resonant wave. We show that for this higher frequency wave Landau damping acts effectively. The measured experimental power spectrum of this wave shows a dependence on wave number k given by W k ∝ k −7/2 as theoretically predicted [14] .
The paper is organized as follows. In Section 2 we describe the experimental apparatus and the diagnostics. In Section 3 we present the experimental conditions for the excitement of non-linear phenomena. We report and examine the excited electron wave in Section 4. Section V presents our conclusions.
Experimental apparatus and diagnostics
Experiments were carried out in a double QUIescent Plasma (PQUI) device with multipole surface magnetic confinement, 0.60 m of inner diameter and 1.20 m of total length [15] . The vacuum background attained using a diffusion pump is of the order of 4 × 10 −5 Pa. The device is divided by two grids into a source (l s = 0.30 m) and a target plasma (l t = 0.90 m) electrically insulated. A quiescent plasma is generated independently in both chambers by accelerating primary electrons produced by tungsten hot cathode filaments. An electron beam is created biasing the source chamber negatively with respect to the grounded target chamber. The DC electron beam is ≈ 0.5 m in diameter with the ratio of beam to electron thermal velocity in the range of v b /v th ≤ 20. The experiments were carried out in Argon gas in the filling pressure range of 10 −2 ≤ p ≤ 10 −1 Pa. Fig. 1 shows a schematic diagram of this apparatus. 
Thermal spread of the beam (at z 0 m)
The electron density and temperature measurements were performed using a single cylindrical Langmuir probe. The temperature was determined by the traditional method. The density was obtained by detecting the cut-off frequency of an electromagnetic wave launched into the plasma. The same probe, operating in the ion saturation current regime (probe potential, V p = −50 V), was used for ion-sound oscillation measurements. The typical plasma potential in the target plasma is positive and of the order of 5-10 V. For Langmuir (electron) wave detection a thin wire working as a dipole probe, insulated by a capacitor, is connected to the spectrum analyzer. The evolution of the electron energy distribution function was measured by an electrostatic multigrid energy analyzer using the retarding potential method [16] . Table 1 shows typical plasma parameters for our experiment.
At the range of working pressure the collisional damping rate due to electron-ion and electron-neutral collisions is smaller than the generation rate of waves, the beam-plasma instability growth rate, γ bp . This leads to the condition [17] 
where ν en is the electron neutral collision rate. Once this condition is satisfied, the excitation of Langmuir wave by the beam-plasma instability is allowed. Using the parameters shown in Table 1 we see that Equation 1 is satisfied. The beam tends to disturb the plasma, so we consider measurements for distances (z) larger than 0.2 m away from the grid, in the target plasma. At this distance the plasma is uniform in density and temperature, as shown in Fig. 2 . The waves are still far from saturation when they enter the uniform region, and all important physics occurs in that region. 
Transition from QL to SLT regime
In order to explain the observed waves in our experiment, we need a comprehensive theory. Such theory requires the specification of a free-energy source, a mechanism for wave growth driven by this free-energy source, and a wave energy saturation mechanism. Free energy for the Langmuir wave growth is provided by the beam relaxation. For the range of parameters used in the experiment the Langmuir wave growth is driven primarily by the kinetic version of the beam instability. The saturation mechanism is quasi-linear relaxation or nonlinear processes, depending on the beam plasma parameters W b /T e and n b /n 0 [18] . From our experimental results it is possible to establish a threshold line for the transition between QL and SLT regimes. We measure the maximum of Langmuir wave amplitude, W max L , as a function of W b /T e for different values of n b /n 0 . Fig. 3 According to quasi-linear theory, and considering pile up effects, the maximum normalized energy density of the waves is given by [18] 
Therefore, for W b /T e < (W b /T e ) th , our experimental results show the same dependence of W b /T e and n b /n 0 as predicted by QL theory.
Stabilization of maximum wave amplitude suggests the appearance of a nonlinear phenomenon that interferes with the beam-plasma instability evolution. Together with the saturation of wave energy we see the appearance of ionsound waves [19] .
From Fig. 3 , for a given value of n b /n 0 , we obtain the value of (W b /T e ) th . These points are shown in Fig. 4 , identified by circles, together with the points where ion sound waves are observed, identified by triangles. The line shown in Fig. 4 is the theoretical threshold for MI excitement in an electron beam plasma system [20] n b n 0 th For a system with parameters in the region below the MI excitation threshold, the Langmuir wave energy saturates due to the complete relaxation of the beam. The position of saturation of the wave energy corresponds to the position of plateau formation in the distribution function, as predicted by quasi-linear theory (known as "beam relaxation length"). For a system with parameters in the region above the MI excitement threshold, the nonlinear instability transports the plasma waves to shorter wavelength scales (higher frequencies) where the resonant interaction between beam and waves does not occur. As a consequence the beam propagates for larger distances than the ones predicted by QL theory.
The axial evolution of the electron beam distribution function shows clearly the different behaviour for the quasilinear and for the nonlinear regime, as we can observe in Fig. 5. Figs. 5(a) and (b) To illustrate the evolution of the excited Langmuir waves across the system we show the spectra of the electron waves in Fig. 7 . The relevant parameters are W b /T e = 125, n b /n 0 = 4.2 × 10 −4 , and n 0 = 1.8 × 10 15 m −3 , above the threshold line in Fig. 4 . Plots of the spectrum were obtained in three different axial positions. The first spectrum (A) was obtained at z = 0.30 m, and presents a single peak at f L = 380 MHz, close to the plasma frequency (beam resonant wave). The second spectrum (B) was obtained at z = 0.40 m and presents the main peak, f L = 380 MHz, followed by the second harmonic, f ∼ 740 MHz. Harmonics of the main frequency have already been observed [21] . The third plot was obtained at z = 0.50 m and shows a broader peak at f L = 380 MHz, indicating the presence of waves with frequency larger than the frequency of the beam resonant wave. The second harmonic is still present with smaller amplitude than in case B. The wave amplitude increases with the distance from the grid and reaches a maximum value at z 0.4 m and then decreases for larger distances. The space evolution of the Langmuir wave amplitude determines the behaviour of the system.
Analysis of the electron waves in the nonlinear regime
In this section we concentrate on the electron waves observed in the nonlinear regime. The results obtained from the experimental date are compared with the existing theory.
It is important to point out that we have a continuous beam injection. This fact leads us to a situation where close to the grid, at the point of beam injection, we expect that the excited wave amplitude grows as predicted by QL theory. For larger distances, the behaviour of the system depends on the wave energy density,
After reaching a certain threshold, the excited wave can became a pump wave for wave-wave interactions. Starting from the space profile along z of the wave amplitude we obtain the spatial growth rate, κ, for the instability and from that we obtain the temporal growth rate, γ. To obtain the results we present in this section we have used n 0 = 2. Notice that with these parameters we are above the threshold MI line shown in Fig. 4, i. e., the system operates in the SLT regime.
The axial profiles of the electron wave amplitude at frequencies, f L = 410 MHz, close to the plasma frequency, and at f * = 490 MHz, are shown in Fig. 8 (curves (a) and (b), respectively). Observe that the higher frequency wave only appears after the Langmuir wave has reached region labeled by 2.
Notice that from our experimental results we can only obtain the spatial growth rate. In general, beam-plasma instabilities exhibit both temporal and spatial growth. A simple relationship between them is given when the beam can be considered cold (c) or hot (h), as regards both temporal and spatial growth [22] .
The experimental values of the spatial growth rate can be obtained from Fig. 8 as follows. The spatial growth rate is κ ex = 1/ζ, where ζ is the distance over which the wave amplitude grows by a factor of e 2.7. Within region labeled by 1 in Fig. 8 we obtain κ 1ex /k 0 = 0.11 and within region labeled by 2 we obtain κ 2ex /k 0 = 0.04. The theoretical spatial growth rates are given by [22] 
Within region 1 we have
The beam can be considered cold as regards spatial growth rate and Equation (4) gives κ c1 /k 0 = 0.22, the same order of magnitude as κ 1ex /k 0 .
The theoretical temporal growth rates are given by [22] : As regards temporal growth the beam can be considered marginally hot, since
For the experimental parameters we obtain γ 1c /ω pe = 5 × 10 −2 and γ 1h /ω pe = 1.5 × 10 −2 . Since the beam is only marginally hot let us assume that we can consider the beam cold as regards both temporal and spatial growth and use Equation (6) to obtain the temporal growth rate related to κ 1ex . In that case γ c1ex /ω pe = 2.3 × 10 −2 , a value in between the values obtained previously, and we can say that in region 1 the beam-plasma is the dominant instability, and the system behaves as predicted by QL theory.
Within region 2, ∆v b /v b 0.25 (see Fig. 5 ), and the beam can be considered hot as regards both temporal and spatial growth rates. In that case the temporal growth rate γ 2ex can be estimated through the relation γ = κv g , where κ is the spatial growth rate and v g = 3v 2 te /v b is the group velocity of Langmuir waves [22] . These considerations give γ 2ex /ω pe = 4.7 × 10 −4 .
Within the region labeled by 2 the time growth rate γ of the main frequency f L = 410 MHz decreases due to excitation of modulational instability (MI). MI creates an effective dissipation mechanism of electron waves. This process results in a corresponding decreasing of QL growth rate according to expression γ 2 = γ bp − ν ef f , where ν ef f is the effective collisional frequency of turbulence, characterizing the rate of transference of energy wave into the short wavelength region of the spectrum. From γ 2ex = γ 2h − υ ef f we obtain υ ef f /ω pe 2.1 × 10 −3 . Curve (b) of Fig. 8 gives κ * 2ex /k 0 = 0.06. Assuming that the excited wave, f * , follows the Bohm-Gross dispersion relation and using γ = κv g we obtain γ * ex /ω pe = 1.7 × 10 −3 . Assuming that the appearance of the high frequency wave at f * = 490 MHz in region 2 is due to the MI, we could say that γ * ex /ω pe = γ M I /ω pe ≈ 1.7 × 10 −3 , which is very close to the value obtained for ν ef f /ω pe .
The relevant growth rate of modulational instability can be estimated by [20] 
where W L is the pump Langmuir wave amplitude. We have not measured directly the value of W L . However, the value of W L can be estimated in different ways.
On the other hand, considering energy balance condition, γ bp γ M I , we obtain W L ≈ 0.32. The maximum of energy of Langmuir wave, resonant with the electron beam, can also be attained from the normalized relaxation length of the beam [24] W
For the experimental conditions described before we have L n 250 (see Fig. 6 ), which gives W L 0.5.
Another estimative for W L is provided by numerical simulation of the system. Simulations were performed using the electrostatic code XPD1 [23] , incorporating three species of charged particles: background electrons and ions with maxwellian distribution functions and beam electrons with a drifting maxwellian distribution function. We choose as initial conditions the following parameters, typical for our experimental system in the nonlinear regime: n 0 = 2 × 10 In summary, either way we reckon the value of W L , we obtain 0. 
For kλ De ∼ 0.36 , Equation 11 gives Γ k /ω pe = 4.0×10 −2 . We see then that for the region of the spectra kλ De ∼ 0.36, Landau damping acts effectively, compared to the others growth rates previously calculated. According to theory, the turbulent energy concentrated in the high frequency waves is absorbed by plasma electrons, leading to acceleration of bulk electrons, as experimentally observed [19] . The theoretical results on power spectra for this absorption is given by W (k) ∝ k −7/2 [14] . Fig. 10 shows the experimental results for the power spectra presenting a good agreement with the theory. Figure 10 . Power spectra of the higher frequency electron plasma wave.
Conclusions
We present experimental measurements of electron waves excited in a system operating in a Langmuir turbulence regime. The interaction of a non-relativistic warm electron beam with a unmagnetized plasma drives the turbulence. We establish experimental threshold conditions for transition from the QL into the SLT regime as a function of beam and plasma parameters, W b /T e and n b /n 0 . The operating regime determines the appearance and characteristics of Langmuir waves. At regions close to the grid, point of the injection of the beam, the Langmuir wave grows according to QL theory. As the wave amplitude reaches a certain threshold it becomes a pump wave for exciting other waves. A wave with frequency larger than the frequency of the beam resonant wave appears. Analysis of the growth rates indicate that this wave is a consequence of the development of the modulational instability. It was shown that this component is strongly affected by Landau damping and the measured power spectra is in good agreement with the theory. Analysis of the effects of the ion waves on the dynamics on the Langmuir turbulence will be addressed in a near future.
